ABSTRACT This study compared three non-linear growth models (Richards, Gompertz, and logistic) and the spline linear regression model using BW measurements from an unselected, randombred chicken population. Based on the goodness of fit criteria, the nonlinear models (NLM) fitted the data better than the spline regression model. The four-parameter Richards model was expected to have the best overall fit; however, because the shape parameter predicted was close to 1.0, which corresponded with the Gompertz curve, there were no differences between the Richards and Gompertz models for the data used. The growth parameters predicted with the logistic model were different from those predicted by the Rich-
INTRODUCTION
The process of growth measured as body mass or BW on a longitudinal time frame has often been summarized using mathematical equations fitted to growth curves. One of the objectives of curve fitting is to describe the course of BW increase over time or age with mathematical parameters that are biologically interpretable. Understanding the biology of model parameters and their relationships provides a sound basis for developing a breeding strategy to modify or change the trajectory of growth. A number of nonlinear models (NLM) have been used to describe growth curves in chickens. Sang (1962) , Grossman and Bohren (1982) , and Grossman et al. (1985) applied the logistic function to chicken data, although its symmetrical form does not correspond to the growth pattern of chickens (Knizetova et al., 1991a) . The Laird form (Laird et al., 1965 ) of the Gompertz model (Gompertz, 1925 ) has been the model of choice for chicken data 2002 Poultry Science Association, Inc. Received for publication June 8, 2001 . Accepted for publication June 26, 2002. 1 Supported by State and Hatch funds allocated to the Georgia Agricultural Experiment Stations of The University of Georgia. 2 To whom correspondence should be addressed: saggrey@ arches.uga.edu.
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ards and Gompertz models. It was concluded that growth parameters predicted with different models with fixed inflection points are not directly comparable. The spline linear regression model is a compound function consisting of a series of linear models. It can be used to compartmentalize growth into segments and also substitute as an alternative to asymptotic models when the data are truncated before the asymptote is attained. The relationship between the growth trajectory (m) and carcass composition measurements were also investigated. Carcass yields among the different growth trajectories (m) were similar within sexes. However, the proportions of the major breast muscle and abdominal fat differed according to the m a bird followed. (Tzeng and Becker, 1981; Anthony et al., 1991; Barbato, 1991; and Mignon-Grasteau et al., 1999) because of its overall fit and the biological meaning of the model parameters (Ricklefs, 1985) . As pointed out by Barbato (1991) , the original Gompertz equation is a function of the asymptote (or mature) weight of birds. Broiler type birds rarely attain mature BW because they are usually processed at slaughter age (42 d) or placed on a restricted breeder feeding regimen between 4 and 12 wk of age. The Laird form (Laird et al., 1965) of the Gompertz curve, however, estimates the exponential decay rate of the animal based on initial BW and the point of inflection.
The logistic and Gompertz models have fixed growth forms with points of inflection at about 50 and 37% of the asymptote, respectively (Ricklefs, 1968) . These parameter models are special cases of the more flexible Richards model, which has a variable point of inflection specified by the shape parameter (m) (Richards, 1959) . Although the generalized Richards model is attractive and flexible, it has not been used extensively to study poultry growth (Knizetova et al., 1991a,b; Gebhardt-Henrich and Marks, 1993) , which may be due to assumptions that the four-parameter model is difficult to fit. However, Brisbin et al. (1987) suggested that the shape Abbreviation Key: NLM = nonlinear model. parameter has greater propensity to change in response to environmental changes than the asymptotic weight or growth rate and may be used to study the effects of environmental stress on growth. This reasoning inherently implies that growth models with fixed shapes may not contribute to the understanding of the effects of factors such as dietary and environmental changes on growth. The trajectory of growth as defined by m may reflect the architecture of body composition and could therefore be used to manipulate the desired body composition at a given age.
High order polynomial models have also been fit to growth data (Tzeng and Becker, 1981) . Although, high order polynomials tend to have a better fit for poultry data, the models do not asymptote, and the model parameters do not have any biological meaning.
The spline model is generally defined as piecewise polynomials of degree n whose function values and first n-1 derivatives agree at the points where they join. The abscissas of these joints are called knots. Polynomials may be considered as a special case of splines with no knots (Smith, 1979) . The spline linear model is a seamless compound function consisting of a series of linear equations. Although discrete, the neighboring functions meet at the knots. The spline linear regression model can be used as an alternative to high order polynomials and complicated NLM.
The present study was designed to compare the Richards, logistic, Gompertz, and Spline linear regression models using growth data from a randombred, unselected chicken population and to study how the shape parameter, m, affects growth patterns, carcass yield, and composition
MATERIALS AND METHODS

Animals
Data were collected on an unselected, random mating Athens-Canadian chicken population (Hess, 1962) . Fifty males were pedigree-mated to 120 dams (sex ratio, 1:2∼3) to hatch 405 chicks in two hatches at a 14-d interval. Chicks were placed in pens with litter and fed a starter diet of 23% protein/3,200 kcal ME/kg from hatch until 18 d of age. Thereafter, they were fed a 17% protein/ 3,200 kcal ME/kg grower diet. All birds were weighed and sexed at hatch. Birds were weighed every third day until 54 d of age; thereafter, the birds were weighed every 14 d until 170 d of age. Only data collected to 170 d of age were used. A total of 365 birds were used for growth curve parameter estimations. At 170 d of age, birds were processed. All birds were New York dressed and weighed. The skin from the breast of the whole bird was removed, and the Pectoralis major (breast) muscle was filleted from the skeleton and weighed. The abdominal fat pads were also removed and weighed. Two hundred six males and 138 females had complete growth and body composition data.
Growth Models
Richards Model. To estimate the expected BW at a specific age, a four-parameter growth curve modified from Richards (1959) growth function (Sugden et al., 1981) was fitted to the BW data collected. The growth curve was of the following form:
where W t is the weight of bird at time t, W A is the asymptotic (mature) BW, K is the maximum relative growth (per day), ti is the age at maximum rate of growth (days), and m is a shape parameter, with the property that m 1/(1−m) is relative weight at ti. Gompertz-Laird Model. The Laird form of the Gompertz equation (Laird et al., 1965 ) was fitted to the data. The following equation describes the Gompertz-Laird growth curve:
where W t is the weight of bird at time t, W 0 is the initial (hatch) BW, L is the instantaneous growth rate (per day), K is the rate of exponential decay of the initial specific growth rate, L (which measures the rate of decline in the growth rate). The parameters derived for the inflection point, ti; the BW at the inflection point; and the asymptotic body, W A , are
Logistic Model. The following equation describes the logistic (Robertson, 1923) growth model:
where W t is the BW at time t, W A is the asymptotic BW, K is the exponential growth rate, and ti is the age at the inflection point.
Spline Linear Regression Model. The spline model fitted was of the general form
where W t is the BW of the bird at time t, W 0 is the point of intersection (hatch weight), and t 1 …t n are the so-called knots (age at which the growth rate changes). As posthatch growth is under consideration, t 1 is the age at which the first growth period starts; therefore, t 1 equals zero, b 1 …b n are the growth rates of the specified periods that constitute the entire spline, and e the residual error. The data were first plotted to determine how many straight lines are to be constructed in a spline. The actual model that was fitted to the data was as follows: for t < 6 d,
for 6 < t < 18 d,
which is equivalent to
for 18 < t < 113 d,
for t > 113 d,
The four line segments are joined at 6, 18, and 113 d of age. Growth curve parameters for the Richards, Gompertz-Laird, and logistic curves were estimated for each bird using PROC NLIN (Marquart algorithm) (SAS Institute Inc., 1996). The spline model was fitted using PROC REG (SAS Institute Inc., 1996) . Goodness of fit criteria were R 2 and the residual standard deviation. Birds with body composition data were grouped according to their shape parameter m from the Richards model. There were three male groups (0.74, 0.99, and 1.45), and two female groups (0.71 and 1.22). The differences in carcass data as classified by the m groupings were tested using PROC GLM (SAS Institute Inc., 1996) .
RESULTS AND DISCUSSION
Overall means and standard deviations for BW for both sexes are presented in Table 1 . For both sexes, the standard deviation increased with age. The Richards, Gompertz, and logistic curves fitted to sex are shown in Figure 1 . The fitted parameters for each growth model are presented in Table 2 . For the Richards model, the growth curve shape is characterized by the shape parameter m. The mean values for the shape parameter were 1.06 and 0.96 for males and females, respectively. These values are close to 1.0, which corresponds to the Gompertz model (Brisbin et al., 1987) . Theoretically, the fourparameter Richards model is expected to give a higher R 2 than the three-parameter Gompertz and logistic models. However, because the growth trajectory predicted by the Richards model is close to the Gompertz model, the R 2 were similar. To date, no biological meaning has been assigned to the shape parameter of the Richards model. Nevertheless, it could potentially be of interest when differences in the growth pattern of birds is the goal of a study. From a series of experiments, Brisbin et al. (1986a,b) concluded that the Richards shape parameter has more propensity to change in response to environmental changes than the asymptotic BW or growth rate, which inherently suggests that growth models in which the curve shape is set and not allowed to vary may not be useful in understanding the effect of environmental changes (Brisbin et al., 1987) , such as dietary and temperature stresses on growth. The trajectory of growth may reflect the architecture of body composition; therefore, the shape parameter can be manipulated to obtain the desired carcass composition at a given age. Thus, some individuals may concentrate growth early, showing a short lag phase, whereas others may show abysmal growth before the spurt. Protein and energy levels or stress factors may shorten or prolong the lag phase, and these may be readily identified by the shape parameter.
The effects of m on carcass components are shown in Table 3 , and the growth patterns of birds according to m (Richards model) groupings for both males and females are shown in Figure 2 . Both 170-d BW and dressed carcass weight were different (P ≤ 0.05) among the m groups for both males and females. For both males and females, birds with m < 0.99 had a higher 170-d BW and dressed carcass weight compared with birds with m ≥ 0.99. Carcass yields, however, were the same for all groupings of m for both sexes. The proportions of the major breast muscle and abdominal fat differed according to the growth trajectory of the bird. Birds that followed a trajectory of m > 0.99 had reduced abdominal fat, both in amounts and percentage of carcass weight, when compared with birds with m ≤ 0.99. This pattern was observed in males and females. From Table 3 , it is likely that the shape of the growth curve could be used to determine the proportion of abdominal fat.
Among the parameters predicted by the Gompertz model is initial BW, W 0 (hatching weight). W 0 predicted by the Gompertz model (46.1 g) shown in Table 2 was higher (t test: P ≤ 0.001) than the measured hatching weight (36.8 g) for both sexes. To improve fitting of the data, Grossman and Bohren (1982) have suggested constraining W 0 . Pasternak and Shalev (1994) have suggested weighting W 0 by the inverse of the variance. Mignon-Grasteau et al. (1999) , on the other hand, constrained W 0 within two standard deviations of the mean, which resulted in a correlation of 0.98 between the measured and predicted W 0 . The effect of using the measured W 0 as a constant (Barbato, 1990) or constraining W 0 on the other model parameters is yet to be investigated beyond the improvement in the R 2 . It is generally expected that individuals with lower initial growth rate would reach the age of maximum growth sooner and, consequently, show a higher exponential decay, than individuals with higher initial growth rate when the Laird form of the Gompertz model is fitted to growth models. However, reports in literature have been conflicting. In this study, females showed a lower L compared with males, which was consistent with the studies of Barbato (1991) and Mignon-Grasteau et al. (1999) . The average value of L for both sexes (0.0856) was lower than that obtained by Tzeng and Becker (1981) and Barbato (1991) , but similar to the estimates of Mignon-Grasteau et al. (1999) . The rate of maturation, K, was higher in males than in females (Table 2) , and it was in contrast to the studies of Mignon-Grasteau et al. (1999) . They reported a higher K value in females compared with males. Hancock et al. (1995) , on the other FIGURE 1. Growth curves for Athens-Canadian randombred chickens predicted by Richards, Gompertz, logistic, and spline regression models. Curves for raw data and mean model parameters were based on fitting individual birds.
hand, did not observe sexual dimorphism in K when the Gompertz model was fitted. The maximum relative growth predicted by the Richards model and the exponential growth rate predicted by the logistic curve were higher in males than in females. Grossman et al. (1985) also obtained a higher K value for males than for females using the logistic model. Among the growth parameters predicted by the Gompertz model, L and K are highly positively correlated for both sexes (r p = 0.96), which is close to the correlation reported by Barbato (1991) . The chickens used for this study were a randombred, unselected population, and variability within the sexes were high.
The estimated ages at maximum growth (ti) for the three NLM are presented in Table 2 . As expected, the pullets reached ti faster than the males. The differences were 3.6, 1.9, and 1.0 d for the Richards, Gompertz, and logistic models, respectively. The mature BW estimated for males were higher than those for females ( Table 2 ). The predictions of the Richards and Gompertz models were similar. Given that the predicted mature BW differ among sexes, individuals with higher mature BW will grow faster at a weight throughout the growing period and may require different levels of protein than slowgrowing birds. Common among growth models is a pronounced correlation among the growth parameters estimated (Mignon-Grasteau et al., 1999; Barbato, 1991) , suggesting that the position of the inflection point strongly influences the growth rate constant value and mature BW. For the data used in this study, the inflection points for the Richards and Gompertz models were similar and, consequently, had similar K values, which is contrast to the K and W A values predicted by the logistic model. Therefore, growth model parameters from different models with fixed inflection points are not directly comparable.
The spline linear regression coefficients and points of intersection for both sexes are presented in Table 2 . The point of intersection (BW at hatch) was close to the measured hatching weight values. The spline model predicted the hatching weight better than the Gompertz model. However, using goodness of fit as a measure of comparison, the spline model had the least fit to the data compared with the three NLM. Nevertheless, its model parameters are biologically meaningful. In fitting the spline model with known knots, the data should first be plotted to determine the number and locations of the knots. The basic assumption therein is that the underlying growth rate is not the same throughout the age range from which the data were collected. This assumption can be tested by the null hypotheses that all of the coefficients of the splines defined are the same. Unlike the NLM where growth data has to be collected beyond the asymptotic weight in order for growth to be modeled, such a requirement is not necessary for the spline regression. Ricklefs (1985) suggested that early growth may be the key response to selection for later body mass, as growth rate is evidently more flexible when it is the greatest. Hence, efforts to improve poultry meat might best be directed toward the first 2 wk after hatching. Using the spline method, the greatest growth was attained between Days 18 and 113 for both sexes; however, for the males, growth rate between Days 6 and 18 was less than that from hatch to Day 6. Rather than using the growth rate of the first 2 wk after hatching for selection as suggested by Ricklefs (1985) , using growth rate from from Week 1 onward might be more useful in assessing growth potential of birds. Growth rate within the first 3 to 5 d after hatching may be misleading because most hatched chicks are not active enough to feed to their maximum.
Whereas the Laird form of the Gompertz model can be used to predict initial growth rate from hatching until the inflection point, the spline method can be used to compartmentalize growth to any degree that the researcher desires. One of the potential dangers that accompanies nonlinear growth models is their analysis of data sets that do not warrant their application, as it is possible to fit growth curves to estimate asymptotic BW when the data are truncated before the asymptotic weight is reached (Brisbin et al., 1987) . In situations in which the data sets are truncated before growth approaches the asymptote (Barbato, 1990) , the spline linear regression would be a good alternative to high order polynomials and nonlinear and exponential models because 1) it would avoid the problem of estimating a false asymptotic BW and 2) it would estimate growth rate on a linear scale. Splines have greater flexibility than simple regressions because they can encompass data that exhibit behavior in one region that may be unrelated to the behavior of another region. In broilers, for example, knots can be created at ages where feeding regimen is changed to ascertain the rate of growth within specific intervals.
